Abstract In-depth characterization of apple genetic resources is a prerequisite for genetic improvement and for germplasm management. In this study, we fingerprinted a very large French collection of 2163 accessions with 24 SSR markers in order to evaluate its genetic diversity, population structure, and genetic relationships, to link these features with cultivar selection date or usage (old or modern, dessert or cider cultivars), and to construct core collections. Most markers were highly discriminating and powerful for varietal identification, with a probability of identity P (ID) over the 21 retained SSR loci close to 10 −28
Introduction
Apples (Malus × domestica Borkh.) constitute the main fruit crop in temperate regions . Very early on, apple cultivars were selected and multiplied using grafting. Until the beginning of the twentieth century, the vast majority of these cultivars were grown from Bchance seedlings^with unknown parentage, and most of today's well-known cultivars are still those chance seedlings discovered during the nineteenth century (BJonathan^, BCox's Orange Pippin^, BGranny Smith^, BRed Delicious^, BGolden Delicious^, etc.) (Way et al. 1990) . It was only in the second half of the twentieth century that cultivars from controlled hybridization such as BIdared^, BElstar^, BGala^, BJonagold^, and BCripps Pink^became fixtures on the apple market (Way et al. 1990 ). Most of these newly bred cultivars were obtained from a reduced number of founders and from some mutants and thus exhibit a high level of relationship (Noiton Electronic supplementary material The online version of this article (doi:10.1007/s11105-015-0966-7) contains supplementary material, which is available to authorized users. and Alspach 1996). As a consequence, despite the high genetic diversity available, apple production worldwide is currently based on a limited number of cultivars, leading to a dramatic loss of diversity all over the world. For example, 70 % of the 2012 European Union production was based on only ten varieties, and BGolden Delicious^alone represented 35 % of the French production in 2011 (data from World Apple and Pear Association, 2013) . In view of this situation, the preservation of apple genetic resources is essential to avoid the irretrievable loss of a high degree of diversity. Genetic material must be included in a germplasm bank for its conservation and further agronomical evaluation. The invaluable work of conserving apple genetic resources in France is carried out by many amateur associations and various governmental, regional, and local authorities. All of the cultivars conserved on French territory constitute a valuable biodiversity resource with an important link to inheritance.
Studying the genetic diversity of germplasm resources is not only significant for the protection of species, but also necessary for the development and utilization of germplasm resources for crop improvement. There is a growing interest at this time to understand the genetic bases of complex traits and to discover new germplasm characteristics in order to better take advantage of them for efficient breeding. Indeed, the tremendous apple allelic diversity should be used to face existing and future biotic and abiotic constraints with respect to sustainable production in the context of global change (Zeigler 2013) . Furthermore, because the phenotypic description of the agronomic traits and the full genotyping of a large apple collection are costly and time consuming, working on a reduced germplasm collection is considered as a helpful mean to better evaluate and use plant germplasm (Upadhyaya et al. 2010) . The core collection concept, i.e., a representative sample of the whole collection minimizing repetitiveness and maximizing genetic diversity, applied in many crop genebanks, was first proposed by Frankel and Brown (1984) . Its use is recommended by the Global Plan of Action for the Conservation and Sustainable Utilization of Plant Genetic Resources for Food and Agriculture (FAO, 1996) as a way to improve the use of plant genetic resources.
Preliminary steps of genetic characterization and core collection constitution will focus on estimating genetic diversity and determining the genetic relationships among the germplasm accessions. Molecular markers have become an efficient way to address these issues by creating a fingerprint of each individual tree. Among the molecular markers proposed over the last 20 years, microsatellites or simple sequence repeat (SSR) markers are highly polymorphic, neutral, abundant, reliably reproducible, codominant, and quite cheap, advantages that make them relevant for plant genetic analyses. SSRs have been successfully used to identify cultivars and germplasm accessions in many fruits such as grape (Vitis sp.) (Cipriani et al. 2010) , sweet cherry (Mariette et al. 2010) , citrus (Gulsen and Roose 2001) , peach (Aranzana et al. 2010) , and kiwifruit (Actinidia Lindl.) (Zhen et al. 2004 ). These markers have proved advantageous for diversity studies on apple (Garkava-Gustavsson et al. 2008; Gasi et al. 2010; Gross et al. 2014; Hokanson et al. 2001; Liang et al. 2015; Moriya et al. 2011; Pereira-Lorenzo et al. 2008; Song et al. 2006; Urrestarazu et al. 2012; van Treuren et al. 2010) , and several hundred SSR markers have been developed and genetically mapped across the 17 linkage groups of the apple genome (Gianfranceschi et al. 1998; Liebhard et al. 2002; Silfverberg-Dilworth et al. 2006) .
In this study, the analysis and quantification of the genetic diversity within 2163 accessions from the French apple germplasm were performed and allowed to check for possible redundancies and triploids. The population substructure of the entire collection was evaluated, and yet-unknown relationships have been inferred. Three core collections maximizing the genetic diversity both for dessert and cider apples have been established. The fine molecular characterization achieved will help to support conservation, management, and utilization of this large French germplasm which has never been previously molecularly assessed.
Materials and Methods

Plant Material
The germplasm included 2163 apple accessions: Old Dessert, Old Cider, and Modern Cultivars (containing only six modern cider cultivars, all others being dessert cultivars)-referred to below as BOD^, BOC^, and BMC.^Cultivars bred after 1950 were considered as modern cultivars (MC). Among those 2163 apple accessions, 1049 originated from the INRA collection. The others 1114 accessions were gathered from several associations of amateurs, botanical gardens, and regional or national repositories covering the French territory (Fig. 1) . These additional accessions were also well-diversified, based on pomological knowledge, with minimum overlap with the INRA collection. Some accessions with the same name from different collections were also analyzed to confirm (or not) the cultivars identity. Eight control samples corresponding to eight reference cultivars were included in this set (BRed Delicious^, BFiesta^, BWorcester Pearmain^, BPrima^, BMichelin^, BMalling 9^(rootstock), BMalus floribunda #821,^, and BMalus robusta 5^), as recommended by the European Collaborative Programme for Crop Genetic Resources (ECPGR) Malus/Pyrus working group (http://www.ecpgr.cgiar.org/ working-groups/maluspyrus/), to allow both internal harmonization of data and further comparisons of results with other studies. The complete list and status of the evaluated accessions is available in the Online Resource ESM 1.
DNA Extraction and Quantification
Young leaf tissues (approximately 50 mg/sample) were collected and stored at −80°C before to be reduced to a fine powder in liquid nitrogen by shaking using a Qiagen Tissue Lyser device. Total genomic DNA was isolated using a cetyltrimethylammonium bromide (CTAB) protocol according to Aldrich and Cullis (1993) with minor modifications. DNA samples extracted were quantified using a BMG Fluostar ™ Omega fluorescence plate reader after Hoechst labeling and then adjusted to 5 ng/μL.
SSR Fingerprinting
A set of 24 SSR primers developed by different groups (Gianfranceschi et al. 1998; Guilford et al. 1997; Hokanson et al. 1998; Liebhard et al. 2002; Silfverberg-Dilworth et al. 2006; Vinatzer et al. 2004 ) was used to genotype the 2163 accessions (Table 1) . These SSRs are distributed over the 17 apple linkage groups, and 15 of them are included in a former list of 17 SSR recommended by the ECPGR Malus/Pyrus working group (Urrestarazu et al. 2012) . Forward primers were labeled with four different fluorescent dyes (6-FAM, VIC, NED, or PET) in order to be combined into six different multiplexed (MP 1 -MP 6 ) reactions (Table 1) . Polymerase chain reactions (PCR) for the six multiplex PCRs were performed in a final volume of 11 μL using 10 ng of DNA template, 0.18 μM of each primer except for some markers as described in Table 1 , and 1× PCR Master mix of QIAGEN kit multiplex PCR (Qiagen, Hilden, Germany). PCR cycling conditions were as follows: preincubation for 15 min at 95°C, followed by 34 cycles, each consisting of 30 s denaturing at 94°C, 90 s at annealing temperature, and 60 s elongation at 72°C, the last cycle ending with a final 15-min extension at 72°C. The following annealing temperatures were applied: 55°C for MP 2 and MP 6 , and 57°C for MP 1 , MP 3 , MP 4 , and MP 5 . Furthermore, the MP 5 was amplified using an amplification program with, for the three first cycles, an annealing temperature reduced by 1°C per cycle from 60 to 57°C. SSR amplification products were analyzed with an ABI3730 XL sequencing system (Applied Biosystems, Foster City, CA, USA).
Fragment analysis and sizing were carried out using GeneMapper4.0 software (Applied Biosystems, Foster The four first multiplexes (MP Guilford et al. (1997) e Vinatzer et al. (2004) f Primer concentration within a given MP has been adjusted to get more homogeneous SSR marker amplification intensities City, CA, USA), and the individual fragments were assigned as alleles. Chromatograms were independently read by two operators. The eight reference cultivars were used as control profiles.
Descriptive Statistics of Genetic Diversity
The genetic uniqueness of each accession was determined using pairwise comparison of locus profile results. Accessions were considered as duplicates when they presented identical SSR fingerprints. An allelic difference was tolerated for a maximum of two SSR loci assuming that some genotyping errors and/or spontaneous SSR mutations could occur. Redundant accession profiles were further removed from the dataset to avoid bias in genetic analyses. An accession was declared as a putative triploid when at least three of the 24 SSR loci were characterized with three distinct alleles. Basic statistics were computed with the CERVUS software package, version 3.0 (Kalinowski et al. 2007; Marshall et al. 1998 ) (http://www.fieldgenetics.com), on the unique diploid genotypes. For each SSR locus, the number of alleles per locus (A o ) and the effective number of alleles per locus (A e = 1 / ∑p i 2 , where p i is the frequency of the ith allele) were identified. The allelic frequencies made it possible to observe the allele distribution and to identify rare alleles (frequency <2 %). The observed (H o ) and expected (H e ) heterozygosity, the significance of a deviation from the Hardy-Weinberg equilibrium including a Bonferroni correction, and the estimated frequency of null alleles were also estimated using CERVUS software. The polymorphic information content (PIC) (Botstein et al. 1980 ) of each marker was determined using the following equation:
where p ij is the frequency of the jth allele for marker i and the summation extends over n alleles. A fixation index F was calculated as follows: (Prat et al. 2006) . The probability of identity P (ID) was calculated as follows (Waits et al. 2001 ):
where p i and p j are the frequencies of the ith and jth alleles and i ≠ j. A P (ID) among sibs P (ID)sib was also calculated (Evett and Weir 1998) . Finally, the ability of each marker to discriminate two random cultivars was estimated with the Bpower of discrimination^(PD) (Kloosterman et al. 1993 ).
The genetic diversity of subgroups or core collections (see below) was compared to the genetic diversity of the initial population (dessert and cider) by considering the heterozygosity parameters (H o and H e ) and the allelic richness calculated using a rarefaction framework with the program ADZE 1.0 (Gross et al. 2014; Szpiech et al. 2008 ).
Analysis of Genetic Structure
Factorial correspondence analysis (FCA) was used to represent the genetic diversity of the unique diploid genotypes. GENETIX software, version 4.05.2 (Belkhir et al. 2004) , was used to illustrate FCA results and to estimate the F ST genetic differentiation indexes between groups. F ST were computed either for the three a priori defined subpopulations (BOD^, BOC^, and BMC^) or for subgroups identified using STRUCTURE software (see below). The significance of F ST was assessed by 10,000 resamplings of the genotypic data.
The genetic diversity structure of the unique genotypes was also investigated with an alternative approach using the B a y e s i a n m o d e l -b a s e d c l u s t e r i n g a l g o r i t h m o f STRUCTURE software, version 2.3.3 (Pritchard et al. 2000) (http://www.pritch.bsd.uchicago.edu). To analyze diploids and triploids together, we used the recessive allele approach (Pritchard et al. 2000; Urrestarazu et al. 2012) . We used the LOCPRIOR model since we considered that, for our dataset, the available prior information concerning Busage^(dessert or cider) and Bcultivar selection date( bred before or after 1950) of cultivars could be favorable for assisting the clustering. We also evaluated the potential genetic structure with LOCPRIOR model according the geographic origins of the accessions, when accurately known. France was divided into six regions: the north, the northwest, the northeast, southwest, southeast, and center. The mean r value calculated by STRUCTURE in the LOCPRIOR model parameterizes the amount of information carried by the prior information. STRUCTURE was run with different values of the number of clusters (K) varying from 1 to 10 under the admixture model for which the allelic frequencies were correlated. To verify the consistency of the results, we performed ten independent runs per K value with 500,000 Markov chain Monte Carlo iterations after a burnin of 200,000 steps. K opt was inferred from the formula established by Evanno et al. (2005) . For K opt , individuals were assigned to a subgroup according to the probability of their membership in this subgroup. The graphical results were obtained by STRUCTURE HARVESTER (Earl and vonHoldt 2012) (http://taylor0.biology.ucla.edu/ structureHarvester/). CLUMPP software, v.1.1.2 (Jakobsson and Rosenberg 2007) , was used to compute average individual assignment probabilities (qI) over replicated runs showing a similar mode. The graphical display of the STRUCTURE results was generated using DISTRUCT software, version 1.1 (Rosenberg 2004 ) (http://www. stanford.edu/group/rosenberglab/distruct.html). Genotypes were assigned to the subgroup for which they had the highest membership coefficient, considering strong affinity when the assignment probability (qI) was ≥0.8 (Liang et al. 2015; Urrestarazu et al. 2012) .
Parentage Analysis
Parentage analysis was conducted on unique diploid genotypes with CERVUS software (Kalinowski et al. 2007; Marshall et al. 1998) . The parameters of the simulated genotypes were the following: Boffspring^100, 000; Bcandidate parents^2100; Bprop. sampled^0.3; Bprop. loci typed^0.8; and Bprop. loci mistyped^0.01. In order to reveal only robust parentages, we limited the study to the inferences of Btwo-parents offspring^rela-tionships and did not consider inferences of Bone-parent offspring^relationships where the lacking parent offers more flexibility but more fuzzy assignments as well. Two criterions were considered to establish strict parentage relationships: a confidence level of the LOD score and the Delta value both higher than 95 %. Finally, an additional constraint was added to strengthen the results by limiting the maximum number of tolerated loci mismatches to only two in an inferred two-parents offspring trio (Salvi et al. 2014 ).
Core Collection Constitution
Three core collections were constructed with DARwin software version 5.0.158 (Perrier et al. 2003; Perrier and Jacquemoud-Collet 2006) (http://darwin.cirad.fr/darwin) with the Bmax length sub tree^option for identifying the most unstructured neighbor-joining tree with maximum maintenance of allelic diversity (Perrier and Jacquemoud-Collet 2006) . The core collections were primarily designed for association genetics studies recently engaged in our laboratory. Three criteria were taken into account in the accessions selection process: (i) putative triploids were excluded; (ii) for practical propagation reasons, the accessions were selected only among the genotypes available within the INRA collection; (iii) the size of each core collection was a priori fixed for technical reasons and to allow further linkage disequilibrium and genome-wide association studies. A core collection containing 278 diploid dessert apple accessions was first constructed. A nested subcore collection composed of 48 diploid dessert apple accessions was also selected. Similarly, a small core collection of 48 diploid cider apple accessions was constructed.
Results
Accession Identification
Five of the 2163 accessions collected did not show any amplification and were discarded from the analysis. Among the 2158 remaining accessions, pairwise comparison of all locus profiles revealed 373 groups of replicates (Online Resource ESM 1), leading to the removal of 737 redundant accessions for further analyses (34 % of redundancy). The number of accessions in each of these identical SSR profile groups varied from two to 18 accessions. Among the 737 redundant accessions, 607 accessions presented a strict identical profile to their membership group, whereas 103 presented an allelic difference in one locus and 14 accessions in two loci. Moreover seven accessions showed a difference in three loci and two accessions in four loci. However, these three and four loci differences were observed for the same SSR markers in the same multiplexed PCR. Since a contamination problem could be suspected, they were finally discarded as redundant accessions. Following these observations, the apple germplasm dataset was reduced to 1421 unique genotypes. Among these accessions, 263 showed a putative triploid profile, representing 18.5 % of the accessions. Interestingly, BOC^cultivars showed 18.2 % of putative triploids and BOD^20.1 %, whereas BMC^consisted in only 5.1 % of putative triploids.
A preliminary FCA performed with GENETIX4.05.2 software revealed that several accessions were very far away from the global dot distribution and were considered as Bextremeĝ enotypes (results not shown). These concerned: three Tunisian-related accessions: BAjmi^(X2440), BAziza( X2941), and BChahla^(X2940); three wild or ornamental apple genotypes: BMalus floribunda #821^, BMalus robusta 5^, and BMaypole^(X6027); a presumably Iranian accession: BPrécoce de Karaj^(X0897); and a presumably Turkish accession: BDouce Rayotte^(X9253). These eight accessions as well as two rootstocks (BMalling 9^and BMM106^= BMalling-Merton 106^) or their redundant accessions (corresponding to grafting errors) were eliminated from the collection for further analysis. Finally, to avoid too many missing data, which could be problematic in various analyses, only accessions that amplified at least 17 of the 24 SSR loci were conserved for genetic analysis (Online Resource ESM 1). The final dataset used for further analyses was then constituted of 1319 genotypes distributed as follows: 1084 diploids (188 BOC^, 737 BOD^, and 159 BMC^) and 235 putative triploids (42 BOC^, 185 BOD^, and 8 BMC^).
Genetic Diversity of the Collection
A preliminary analysis with CERVUS on the 1084 diploid genotypes highlighted that all the SSR loci amplified in this study were polymorphic. However, as presented in Table 2 , three out of 24 SSR loci showed an estimated frequency of null allele F null > 0.1 and a fixation index (F) value far from 0. It was then decided to remove them for further analyses in order to avoid a bias. The concerned SSR loci were NZ05g08, CH05d02, and CH03e03. Furthermore, two of them exhibited a high level of missing data (11.7 % for CH05d02 and 14.5 % for CH03e03). Among the remaining 21 loci, 18 were in Hardy-Weinberg equilibrium, whereas three were not (CH-Vf1, GD147, and CH02c11). The results of basic statistics on the 1084 unique diploid genotypes are presented in Table 2 . SSR markers were classified according their PD, which ranged from 0.88 to 0.98, with a mean of 0.94. Four markers exhibited very high power of discrimination (CH02c06, CH02c11, CH04g07, and Hi07h02), whereas the three markers CH01h10, CH-Vf1, and Hi02c07 were comparatively less powerful for genotype discrimination. The number of missing data ranged between 0.6 % for CH01h10, Hi02c07, and CH01f03b, and 5.6 % for locus CHVf1, with a mean of 2.0 % per locus. A total of 410 alleles was revealed by the set of 21 SSR markers, leading to a mean number of alleles per locus of 19.5 (ranging from 11 for CH01f03b and Hi04a08, to 30 for CH03d12), whereas the mean effective number of alleles/locus was 6.2 (range 3.5-10.0). A total of 228 rare alleles (frequency <2 %) were identified, representing 55.6 % of the global allelic diversity (410 alleles); 41 alleles (10 % of the Loci carrying null alleles at estimated frequencies >0.1 are listed at the bottom *Significant at the 5 % level, **significant at the 1 % level, ***significant at the 0.1 % level N o obs number of observed accessions (Ntotal = 1084), A o number of alleles, A e effective number of alleles, H o observed heterozygosity, H e expected heterozygosity, F fixation index, PD power of discrimination, PIC polymorphic information content, HW exact test of departure from Hardy-Weinberg equilibrium, NS not significant, ND not done, F (null) estimated frequency of null alleles, P (ID) probability of identity a In the column BP (ID) unrelated^and BP (ID) sib ,^the mean is substituted with cumulative P (ID) , which is the product of the P (ID) of individual loci b Rare alleles correspond to frequency <0.02 total allelic diversity) out of this set were observed in only one accession (Bunique alleles^). The mean value for expected heterozygosity (H e ) was 0.82 (range 0.72-0.90), which was very close to the value of 0.83 (range 0.70-0.90) for observed heterozygosity (H o ). The mean PIC value was 0.80 (range 0.68-0.89). The probability of identity P (ID) calculated for individual loci ranged from 0.019 for the most discriminating locus CH02c11 to 0.121 for the least discriminating locus CH-Vf1. The cumulative P (ID) over all 21 loci was 1.3 × 10 −28 for unrelated genotypes and 3 × 10 −10 for full sibs.
Structure Identification
First, a FCA was conducted with the 21 SSR data on the 1084 diploid genotypes by differentiating six geographic origins of the accessions (north, northwest, northeast, southwest, southeast, and center). No genetic trend could be highlighted (results not shown). The use of STRUCTURE software with LOCPRIOR model according the same geographic origins confirmed the absence of genetic differentiation at this geographic scale (results not shown). Second, a FCA was conducted by differentiating three subpopulations beforehand: BOD^, BOC^, and BMC.^BOD^dots covered almost the entire graph, whereas BMC^and BOC^were concentrated into two distinct groups on the FCA graph (Fig. 2) , suggesting a weak structure. Inertia values were 1.69 and 1.46 % for coordinate axes 1 and 2 of the graph. Pairwise F ST comparisons confirmed a weak structure between these three subpopulations. The strongest F ST values were observed between BMCô n one side and BOC^(0.048; p value = 0) or BOD^on the other side (0.031; p value = 0). A lower F ST value of 0.014 (p value = 0) was observed between BOC^and BOD.F inally, the genetic structure of the 1319 unique diploid and triploid apple genotypes was also analyzed with the model-based clustering algorithm implemented in STRUCTURE software. The structure signal obtained by the STRUCTURE default mode was very weak (results not shown), and the LOCPRIOR model was successfully used with a mean r value of 0.96, indicating that the prior information is informative. For all K opt , memberships were consistent between all runs. The peak of ΔK for K = 3 corresponded to the presence of three main subgroups (Fig. 3) . Divergence between the corresponding subgroups given by STRUCTURE results was evaluated by pairwise F ST comparisons. A low structure was observed between subgroups 1 and 2 , leading up to the conclusion that a moderate genetic differentiation existed. Substructures were searched for in each of these three STRUCTURE subgroups but the subsequent results did not provide additional relevant conclusions (results not shown).
When comparing the three STRUCTURE subgroups with the three a priori BOD^, BOC^, and BMC^subpopu-lations, it appears that the three subgroups highlighted by STRUCTURE corresponded, albeit approximately, to the three a priori subpopulations (Fig. 4) . More precisely, the assignment proportions of each a priori subpopulation (BMC^, BOC^, BOD^) to these three STRUCTURE genetic subgroups showed that 98 % of the BModern Cultivarsŵ ere assigned to subgroup 3, whereas 98 % of the BOld Cider^cultivars were assigned to subgroup 1 (Table 3 ). In contrast, the BOld Dessert^cultivars were more largely distributed over the three subgroups, with a majority (66 %) assigned to subgroup 1, which is the largest one (Table 3) . It is also worth mentioning that subgroup 2 contains fewer accessions than the other two, and that 97 % of these accessions are BOD^. The same trend was observed when considering only accessions with a strong assignment probability (qI ≥ 0.8; data not shown). Consistently, most of the BMC^and BOC^cultivars were clearly assigned to STRUCTURE subgroups with, respectively, 92 and 93 % of the cultivars assigned with a probability ≥0.8, whereas only 42 % of BOD^cultivars showed a strong assignment (results not shown).
The genetic diversity of subgroups 2 and 3 was lower than for subgroup 1 based on H e (Table 4) . When considering only diploid genotypes with a high membership probability (qI ≥ 0.8), H e was only 87 % for subgroup 2 in comparison with subgroup 1. Many private alleles could be observed in each of the three subgroups especially for genotypes with high qI (Table 4) . By scaling down to subgroup 2 size, allelic richness was similar in subgroups 1 and 2 but smaller (∼83 %) in subgroup 3 whatever all or high membership genotypes were considered (Table 4) .
Parentage Analysis
Parent-offspring relationships in the 1084 unique diploid genotypes were explored by CERVUS software. A total of 46 putative trios (offspring and two inferred parents) were identified with high (95 %) confidence level consisting of 18 Modern and 28 Old cultivars (Table 5 ). The two parents of 14 Modern cultivars for which full parentage was already known were correctly inferred (e.g., BAlkmene^= BDoctor Oldenburg^× BCox's Orange Pippin^). For two additional Modern cultivars (BJudor^and BCidor^) bred in the 1970s at INRA as juice and cider cultivars, the common known female parent (BDouce Moen^) was correctly inferred and the initially unknown male parents were newly postulated as BRouge de Trèves^and BDoux Joseph^(respectively) known as BOCĉ ultivars that were planted in the same orchard where the open pollinated progeny of BDouce Moen^was collected for breeding purposes. The parentage of the last two Modern cultivars (BNabella^and BDeltana^) was corrected since one of the already known parents was correctly inferred but the other was not (Table 5 , see BDiscussion^). The two parents of the remaining 28 Old cultivars were generally not known and thus newly inferred (Table 5) . Accession BFRA1002,^erroneously referred to as BHerrgottsapfel,^was shown to exhibit the same SSR profile as BAstillisch^in another study (data not shown). Its paternity assignment fitted with the expected cross product from BSigne Tillish^× BAstracan rouge^.
Core Collections
Based on H e , the set of 278 INRA accessions selected to generate the BOld Dessert^core collection (Online Resource ESM 1) exhibited a genetic diversity similar to the set of 737 unique diploid BOD^genotypes (Table 6 ). The mean number of alleles of the BOD^core collection (16.4) was kept at 90 % of that of the overall dessert collection (18.1). Moreover, the allele frequencies of the BOD^core collection were very highly correlated to those observed for the overall dessert collection (R 2 = 0.99). For the nested sub-core collection of 48 dessert accessions, the mean number of alleles was lower (71 %) than in Fig. 3 Determination of K opt according to the Evanno et al. (2005) method. The rate of change of the posterior probability of the data given the number of subgroups is plotted against K. The first peak (K = 3) corresponds to the optimum number of subgroups. Computation was performed for the 1319 unique apple accessions genotyped with 21 SSR markers the overall collection but H e and the allelic richness remained higher (Table 6 ). In the BOld Cider^core collection of 48 INRA accessions (Online Resource ESM 1), the mean number of alleles was reduced to 83 % when compared to the overall set of 188 unique diploid BOCĝ enotypes, but H e and the allelic richness remained higher (Table 6 ) with a very high correlation between allelic frequencies of the core and initial collections (R 2 = 0.94). In all cases, allelic richness was much higher in core collections than in an average sample of the overall collection of the same size (Table 6 ).
Discussion Gene Pool Representativeness and Geographical Structure
Numerous diversity studies have been performed on apple germplasm (Garkava-Gustavsson et al. 2008; Gasi et al. 2010; Gross et al. 2014; Hokanson et al. 2001; Liang et al. 2015; Moriya et al. 2011; Pereira-Lorenzo et al. 2008; Song et al. 2006; Urrestarazu et al. 2012; van Treuren et al. 2010 ) but as far as we know, the present study is the largest one to be performed so far at a national level with such a large number of SSR markers. Apple genetic resources are conserved by many very active structures in France (Fig. 1) and the coordination of this conservation network is entrusted to INRA.
Thanks to this network that covers all of the major repositories and pomological societies, the representativeness of the germplasm studied was excellent at the national level (Fig. 1) . A large majority of the accessions could be considered to be of French origin, although a significant part of the germplasm studied was composed of foreign cultivars. The proportion of foreign cultivars was tentatively estimated at 15-25 % according to the different sources in the literature or to website resources and information derived from redundant accessions (data not shown), but it was extremely difficult to ensure such a value since many inconsistencies were observed over information sources and over duplicate groups affiliations. Moreover, geographic origin was not always documented and a typical French name of a so-called local cultivar could be attributed to an accession that was finally shown to be a duplicate of a well-known foreign cultivar. A similar situation was described both by Urrestarazu et al. (2012) and Liang et al. (2015) for Spanish and Italian accessions that finally turned out to be redundant with the well-known American cultivar BRome Beauty^. Finally, most of the robustly assigned foreign cultivars analyzed in the present study came from European countries and Russia.
In the same way, due to the lack of documentation about geographic origin and historical widespread exchanges of apple cultivars over geographic regions, it was extremely difficult to know the real French region of origin of many accessions studied. It could explain that no clear relationship between the geographical Fig. 4 Proportions of ancestry of 1319 unique apple genotypes for K = 3 ancestral gene pools (Bsubgroups^) inferred with Structure2.3.3 software (Pritchard et al. 2000) . Each genotype is represented by a vertical bar partitioned into K = 3 segments representing the amount of ancestry of its genome in the three subgroups. The a priori classification concerning their usage (Dessert/Cider) and cultivar selection date (Old/Modern) is indicated. The three subgroups are depicted using the following color codes: yellow = subgroup 1; green = subgroup 2; pink = subgroup 3 Numbers in brackets represent the number of individuals in each group origin and the genetic structure was found in the studied French germplasm, as also reported by Cornille et al. (2012) . For example, an accession collected in the north may actually have originated from another region because of unknown historical exchanges. Furthermore, the redundancy rate between regions highlighted in this study also reflects exchanges of plant material over geographic regions.
Choice of SSR Markers
Reliable and polymorphic SSR markers are essential to study the genetic diversity and structure of such a germplasm. As indicated, several apple diversity studies using SSR markers have already been published. Unfortunately, many different markers have been used with only limited occurrences of large overlapping between studies involving a large number of markers. This situation makes it difficult to accurately compare diversity parameters over studies except for some parameters such as H e , which summarizes the fundamental genetic variation of a germplasm. Conversely, a more in-depth metaanalysis could be performed to classify SSR markers according to their PD or their PIC in order to mine the most informative ones over several germplasm collections. In the present study, we used a set of 16 SSR markers previously recommended by the ECPGR Malus/Pyrus working group (Table  1) , plus eight additional markers, in order to reach a higher genome coverage for the genetic diversity and structure analyses. This ECPGR set is highly recommended for all new SSR diversity analyses since it will allow more accurate comparison of diversity and redundancy over germplasms worldwide. Three SSR markers (NZ05g08, CH05d02, and CH03e03) exhibited high frequencies of null alleles (F null > 0.1) most probably overestimating the corresponding fixation indexes (F). They were discarded from further analyses as they may introduce a bias in both Hardy-Weinberg test computation and parentage analysis (Dakin and Avise 2004) . It is noteworthy that NZ05g08 and CH05d02 both belong to the upper part of linkage group (LG) 4. The NZ05g08 marker was already identified as generating null alleles by Urrestarazu et al. (2012) and Pina et al. (2014) and should thus be replaced by another one in the ECPGR set. All of the other 21 SSR loci analyzed displayed a high level of polymorphism with 11 to 30 alleles per locus and a mean of 19.5 alleles per locus. This result reveals more alleles per locus than previously observed on apple by Gharghani et al. (2009 ), Liang et al. (2015 , and Urrestarazu et al. (2012) which revealed 17, 16.8, and 16.7 alleles per locus, respectively. This difference could be attributed to the higher number of accessions observed in our study compared to others. The mean of effective alleles/locus (Ae) was 6.2. The difference between the allele number and the effective allele number can be explained by the high number of loci showing rare alleles (55.6 % of the total allelic diversity) with low frequency (<2 %). Furthermore, 10 % of the total allelic diversity was present in only one accession. Such a level of rare or unique alleles indicates a substantial genetic diversity not used at this time for breeding. The level of rare alleles obtained in our study is comparable to that obtained by Urrestarazu et al. (2012) (63 %) in the Spanish apple germplasm.
Redundancy and Triploidy Level in the French Apple Germplasm
The extremely low probability (P (ID) = 1.3 × 10 −28 ) of matching by chance any two genotypes at all 21 loci gave us great confidence in the ability of our SSR marker set to accurately detect duplicated accessions. About one third (34 %) of redundancy was detected in the present germplasm, which level reflects the traditional exchanges of plant material through grafting over geographic regions that occurred for a very long time, as underlined in other studies (Liang et al. 2015; Pina et al. 2014) . As an example, a redundancy case has been interestingly solved thanks to the expertise of a member of the association BLes Croqueurs de Pommes^who noticed that the accession BBelle Josephine de Brie^(FRA0824, from the BLa Brie^region of France) was very similar to another accession known as BMarie-Louise^(FRA0932, from another French region, BPays de Montbéliard^, located almost 400 km apart). Both accessions were shown to be duplicates according to their SSR profile (Online Resource ESM 1), which was consistent both with their very similar pomological description and with their denomination since BJosephineâ nd BMarie-Louise^were the first names of the two successive wives of the French Emperor Napoleon 1st. A high genetic level of redundancy between accessions has already been observed within apple germplasms (Gross et al. 2012; Liang et al. 2015; Urrestarazu et al. 2012; van Treuren et al. 2010) and their identification is a preliminary step before undertaking a detailed genetic characterization of the germplasm. Furthermore, duplicate identification makes it possible to rationalize germplasm management. Accessions with the same name from different collections were mostly confirmed as duplicates. But, many errors were also highlighted which will necessitate further analysis. For duplicates with different names, further pomological and passport data analyses will also be necessary to check for true synonym status (when not already known), to identify interesting phenotypic mutations not accounted for with SSR markers (Gross et al. 2012; Liang et al. 2015) , and to discard false synonymy resulting from grafting errors or erroneous former pomological identification. Cipriani et al. (2010) showed that many duplicates identified by SSR in grapevine are phenotypically well differentiated from each other for several traits, probably due to punctual genetic mutations, genomic structural variations or even epigenetic modifications. For these reasons, accessions sharing the same SSR fingerprinting should be subjected to further morphological and agronomical evaluation before being considered as strict replicates and being eliminated from a collection. Finally, several cases of homonymy, i.e., accessions with the same name but different genetic profiles, were also highlighted (e.g., BDouble Bon Pommier^or BApi Double Rose^; Online Resource ESM 1). Some of them could have been checked with passport data to identify which of them were mislabeled within each pair and renamed as Bunknown^in the collection. Grafting failures were especially identified through duplicate status with known rootstocks (e.g., BMM106^). Others could not be differentiated with the available data and should be evaluated in the field in order to identify those that are inconsistent with the identity assigned to them. The average rate of putative triploid accessions found in our germplasm was 18.5 %. It is noteworthy that Modern Cultivars showed a much lower rate of putative triploids (∼5 %) compared to Old Dessert (∼20 %) and Old Cider (∼18 %) cultivars. This reflects that the empirical selection performed by farmers and gardeners in the past (until 1950) has been more efficient than modern selection for this characteristic, which is however frequently linked to a larger fruit size. Other authors also found even higher rates of triploids in their national or regional col- 
Genetic Diversity and Structure Observed in the French Apple Germplasm
As expected, because apple is a self-incompatible cross-pollination species, both observed and expected heterozygosity values were high regardless of the SSR marker, suggesting that the collection was highly diverse. In comparison with other studies, the mean H e = 0.82 observed in our study was similar to those reported on apple by Urrestarazu et al. (2012) (H e = 0.82), Larsen et al. (2006) (H e = 0.78), Gasi et al. (2010) (H e = 0.78), Pereira-Lorenzo et al. (2007) (H e = 0.80), Gharghani et al. (2009) (H e = 0.83), Liang et al. (2015) (H e = 0.83), and Coart et al. (2003) (H e = 0.72 for wild apple populations and 0.77 for ornamental apple populations). Conversely, H e was only 0.44 for grape (Cipriani et al. 2010) , 0.69 for cacao (Motilal et al. 2009 ) and 0.04 for a self-pollinating species such as rice (Faivre-Rampant et al. 2011) . The difference with the mean observed heterozygosity (H o = 0.79) could be partly explained because genotypes showing a single peak at a given locus were considered as homozygous, leading to an underestimation of heterozygosity for loci with null alleles that occur at high frequency (Liang et al. 2015) . Analysis of the global structuration over accessions showed that two types of weak but significant structures could be observed. On one hand, an a priori structure was found between BOD^, BOC^, and BMC.^The highest F ST value (0.048) was observed between BMC^and BOC^, whereas the smallest one (0.014) was observed between BOD^and BOC^. These results logically reveal that the BMC^group derives from founders that are not all fully and equally represented in the old cultivars subpopulations, thus generating a switch in allelic representation between modern and old subpopulations. The results are also consistent with the very weak differentiation between dessert and cider apples, as already shown by Cornille et al. (2012) on a partially redundant set of accessions. A recent study by our group also underlined the difficulties in finding loci involved in the dessert vs. cider differentiation at the genome level (Leforestier et al. 2015) .
On the other hand, the use of STRUCTURE software showed that the French apple germplasm also had a significant structure between three subgroups, with F ST values ranging from 0.026 to 0.060. It is noteworthy that these subgroups identified by STRUCTURE corresponded, albeit approximately, to the 3 a priori BOD^, BOC^, and BMC^subpopulations. However, it could be highlighted that BOC^and BMC^were mostly shared in separate subgroups 1 and 3 (respectively) identified by STRUCTURE and with a strong assignment probability, whereas BOD^was found in the three subgroups with a lower assignment probability. Coherently, all major founders of modern cultivars were assigned to subgroup 3 with high membership probabilities (qI ≥ 0.8 or close to 0.8). This was especially the case for BGolden Delicious^, BMcIntosh^, BJonathan^, BDelicious^, BCox's Orange Pippin^, BRome Beauty^, BJames Grieve^, BWorcester Pearmain^, and BGranny Smith^, each of these founding cultivars belonging to the BOD^subpopulation (Online Resource ESM 1). Many other well-known international cultivars were assigned to sugroup 3, such as BReinette Dorée de Blenheim^(syn. Summary statistics include the sample size (N), observed (H o ) and expected (H e ) heterozygosity, average number of alleles/locus (mean no. alleles), and allelic richness. First, allelic richness is scaled to N = 278 for comparing the overall dessert collection to the CC-dessert-278 for which the average number of alleles is copied as the reference allelic richness (between brackets). Second, it is scaled to N = 48 for comparing: (i) the overall dessert collection and the CC-dessert-278 to the CC-dessert-48, and (ii) the overall cider collection to the CC-cider-48 for which the average number of alleles is copied as the reference allelic richness (between brackets) ]). Based on the allelic richness parameter, this subgroup 2 was as diverse as subgroup 1 but more diverse than subgroup 3. For subgroup 1, the large contribution of cider accessions with high membership probability may indicate that these accessions share a common genetic basis with the dessert accessions assigned to this subgroup, especially those with high membership probability. When focusing on accessions with qI ≥ 0.8 in subgroup 1, a large proportion of dessert accessions came from collections from north and west of France (e.g., BCentre Régional de Ressources Génétiques du Nord-Pas-de-Calais,^BI z'on creuqué eun' pomm',^BLes Mordus de la Pomme^), as did many of the cider accessions belonging to this subgroup.
All the F ST observed were low or moderate, indicating a weak differentiation among subgroups. Generally, these low or moderate differentiations are expected for out-crossing species like apple tree and fit with the large gene flow observed both within domesticated apple population and between domesticated and wild apple populations, as described by Cornille et al. (2012) . The F ST values obtained in the present study are consistent with those observed on other apple germplasms. Gharghani et al. (2009) 
Parentage Analysis Within the French Apple Germplasm
The initially known parentage of 18 Modern cultivars was correctly inferred in all cases for at least one of the two parents, and in 77 % of the cases for the two parents. These expected results served as control and validated the parentage assignment obtained with the CERVUS software (Kalinowski et al. 2007; Marshall et al. 1998) , indicating that the number and informativeness of SSR markers were sufficient. Furthermore, some inconsistencies with the expected parentage of two Modern cultivars could be documented. BNabella^, bred at the Research Institute of Pomology, Holovousy, Czech Republic, as BNonnetit( synonym = BMother apple^) × BStarking Delicious ( Blazek et al. 1995; Fischer et al. 2004) , should be corrected as BNonnetit^= BMother apple^= BLa Paix^× BJames Grieve.^Interestingly, the inferred female parent, BLa Paix^, is identified as a putative synonym of BNonetti( =FRA0918, collected by Croqueurs de Pommes de Lorraine), which is most probably a typing error of BNonnetit^. Also, BDeltana^, bred by the Delbard nurseries, Malicorne, France, as [BGolden Delicious^× BGrive Rouge^] × BFlorina^was corrected as BGranny Smith× BFlorina.Ŝ everal interesting features could be observed such as the rather frequent occurrence of some cultivars as parents of old cultivars (4 × BKing of Pippin^= BReine des Reinettes^; 4 × BCalville Rouge d'Hiver^), or the geographic convergence of parentage (e.g., BOgnon^and BVernajoux^are both described as traditionally grown in the French BHaute-Vienne^depart-ment; BVerollot^and BNez de Chat^are two cider cultivars from the BPays d'Othe^, another French region). Complete paternity assignment of some well-known old cultivars was proposed, including BCalville Rouge du Mont Dore^, inferred as a cross between the Ukrainian cultivar BAlexander/Grand Alexandreâ nd the French cultivar BCalville Rouge d'Hiver^. The German cultivar BDülmener Rosenapfel^was inferred as a cross between BReinette de Caux^(also known as BDutch Mignonne^since it is thought to come from the Netherlands) and BPetite Madeleine^(with BSt Jacques^and BBouchon^as identified duplicates). It is thus not a seedling from BGravenstein^, as frequently reported. Another German cultivar BBittenfelder Sämling^was also shown to result from a cross involving BReinette de Caux/Dutch Mignonne^. Intriguingly, BReinette de Caux^was also indicated as a putative parent of the famous triploid Dutch cultivar BBelle de Boskoop^by . Interestingly, two BRose^cultivars both originally from Switzerland (BRose de Berne^and BRose d'Ajoie Blaser^) were inferred as full-sibs from the same cross between BPomme Raisin^(synonym of BSauergrauech^) and BCalville Rouge d'Hiver^. From a practical point of view, identifying cultivars that are frequently inferred as parents of other cultivars may indicate their particular interest as progenitors for new breeding purposes. Especially, they could be preferred for the purpose of using old germplasm to enlarge the genetic base of modern breeding programs. However, some preliminary evaluation is necessary since it may also be the case that the higher frequency of parentage would reflect a higher frequency of geographic distribution of these particular cultivars in France in the past. Moreover, the empirical breeding goals of farmers and gardeners one or several centuries ago may be somewhat divergent from the present breeding goals of modern breeding programs. Finally, by combining this study with other germplasm analyses performes in other European countries (e.g., Liang et al. 2015; Urrestarazu et al. 2012; van Treuren et al. 2010 ), more complete European-wide multi-generation pedigree networks could be searched for in our germplasm, as was done on old grapevine cultivars by Lacombe et al. (2013) or on recent apple cultivars with known pedigrees by Salvi et al. (2014) .
Definition of INRA Diploid Core Collections for Association Genetics Studies
Three core collections were defined based on genetic diversity. Additional phenotypic information was not enough available to help building the core collections despite it can help to optimize further screening and analyses of agronomical traits (Nicolaï et al. 2013 ). In grapevine, Emanuelli et al. (2013) compared a phenotypic and a genetic core collection. They showed that the latter retained more genetic diversity while maintaining a similar phenotypic variability. In the present study, the core collections were based only on the SSR allelic diversity and should thus maximize the genetic variation. The results showed that only a small number of accessions is needed to retain the most frequent alleles since up to 71 % of the observed alleles were represented with only 48 conserved accessions of the dessert sub-core collection. The high level of heterozygosity in apple is the major factor contributing to the capture of a large part of the genetic diversity with such a small number of individuals.
These core collections are already used for various goals as exemplified by the study of the differentiation between dessert and cider apples (Leforestier et al. 2015) . The dessert apple core collection is also currently being phenotyped for various agronomical traits and SNP genotyped within the framework of the European project FruitBreedomics (Laurens et al. 2010) . These data will thus make it possible to perform genome-wide association studies to decipher the genetic architecture of important traits such as fruit quality and biotic or abiotic stress resistance.
Conclusion
This study is the largest one ever to be performed at the national level with such a large number of SSR markers. The representativeness of the French apple germplasm was excellent thanks to the strong involvement of all the major repositories and pomological societies. As already shown in various other studies, the genetic diversity is especially large in domesticated apple, which exhibits a high level of heterozygosity. SSR marker data helped to identify a large number of redundancies (Bduplicates^) both within and between collections, information that is extremely useful for curating the germplasm. Additional phenotypic and passport data checking is now necessary to solve pending identification questions. The overall diversity structure was shown to be rather weak and partially coincided with the cultivar selection date and the usage of the cultivars. Several unknown parentages were inferred, underlying the unaware preference of particular genotypes as parents of old cultivars during the empirical selection process performed in the past. Finally, core collections were established that will be used for further research projects aimed at gaining insight into genetic and functional bases of major agronomical traits in apple. To conclude, we highly recommend the use of the 16 SSRs proposed by the Malus/Pyrus ECPGR group for any future apple fingerprinting studies since it will allow the allelic adjustment of SSR data over countries, thus empowering future worldwide analyses and comparisons.
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